Activation of 8-adrenergic or muscarinic acetylcholine receptors expressed in transfected cells or epidermal growth factor receptors in human keratinocytes produces 15% to 200% changes in cellular metabolic rates. Changes in cell metabolism were monitored continuously with a previously described silicon-based microphysiometer that detects small changes in extracellular pH. The amplitude and kinetics of the metabolic changes depend upon several factors including pretreatment of the cells prior to receptor stimulation, the dose of hormone/neurotransmitter used, and the receptor comple- Recent work has shown that the metabolic rates of small samples of living cells can be measured by using a semiconductor-based instrument, the silicon microphysiometer, to detect the rate of excretion of acidic metabolic products (1). These studies revealed the expected qualitative effects of various nonspecific toxic chemicals on the metabolic rates of a variety of cultured cells. In addition, epidermal growth factor (EGF) was shown to affect the metabolic rates of cells containing the EGF receptor. This is not unexpected because increases in cellular glycolytic rates in response to insulin and EGF have been reported and thought to be associated with initiation of a transition of the cells from a dormant (nonproliferating) state to a proliferative state (2).
growth factor receptors in human keratinocytes produces 15% to 200% changes in cellular metabolic rates. Changes in cell metabolism were monitored continuously with a previously described silicon-based microphysiometer that detects small changes in extracellular pH. The amplitude and kinetics of the metabolic changes depend upon several factors including pretreatment of the cells prior to receptor stimulation, the dose of hormone/neurotransmitter used, and the receptor comple- means of studying cellular responses to hormones and neurotransmitters and suggest that metabolic changes will be generally useful for detecting the consequences of receptor-ligand interactions.
Recent work has shown that the metabolic rates of small samples of living cells can be measured by using a semiconductor-based instrument, the silicon microphysiometer, to detect the rate of excretion of acidic metabolic products (1) . These studies revealed the expected qualitative effects of various nonspecific toxic chemicals on the metabolic rates of a variety of cultured cells. In addition, epidermal growth factor (EGF) was shown to affect the metabolic rates of cells containing the EGF receptor. This is not unexpected because increases in cellular glycolytic rates in response to insulin and EGF have been reported and thought to be associated with initiation of a transition of the cells from a dormant (nonproliferating) state to a proliferative state (2) .
The ability to measure cellular responses to receptorligand interactions on a time scale of minutes suggests that the silicon microphysiometer may be particularly useful for screening new therapeutic drugs. Thus, a major objective of the work reported here was to evaluate this approach as a practical and general method of detecting functional ligandreceptor interactions. To address this question in part, we evaluated changes in cellular metabolic rates elicited by stimulation of receptors that are not normally associated with mitogenesis.
We investigated the effects of two receptors known to mediate their biochemical actions through guanine nucleotide-binding proteins (G proteins), P2-adrenergic and ml muscarinic acetylcholine receptors. These are representative of the major neuroreceptor classes in the sympathetic and parasympathetic nervous systems. Although there are many cell lines available that endogenously contain such receptors, we chose to use Chinese hamster ovary (CHO) cells and murine B-82 cells transfected with the genes encoding each of these receptors. This approach provides a particularly welldefined experimental system and permits the study of the same receptor in different cell types or different receptors in the same cells.
MATERIALS AND METHODS
Materials. Unless otherwise indicated, chemicals were obtained from Sigma and culture media from GIBCO. Transforming growth factor a (TGF-a) was a gift from Rick Harkins (Triton Biosciences, Alameda, CA). EGF was purchased from Clonetics (San Diego), and the anti-EGF antibody was from Collaborative Research.
Keratinocytes. Normal human epidermal keratinocytes were obtained from Clonetics. The cells were cultured in the vendor's keratinocyte growth medium, which is serum-free but contains bovine pituitary extract as well as 
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of a rat ml muscarinic receptor was subcloned into the expression vector pMSVneo (4) and used for transfection of B-82 cells as described (3, 5 (Fig. 2) . The increase in metabolic rate peaks at "'180%o of the unstimulated rate, and this peak occurs at or before the first data point collected subsequent to the addition of the agonist (==100 sec). This response is completely blocked in the presence of the muscarinic antagonist atropine (1 ,tM) , indicating that the response is mediated through the muscarinic receptor in these transfected cells. In order to investigate whether the response observed following the activation of muscarinic receptors can be generalized to other receptors, changes in cellular metabolism were studied in CHO cells transfected with another G protein-linked receptor, the human P2-adrenergic receptor.
Isoproterenol elicits a similar peak metabolic response (120-160% of the rate in unstimulated cells) to that observed with carbachol and the muscarinic acetylcholine receptor (Fig. 4) . However, the time course of 82-adrenergic receptor-induced The pH in the chamber was steady while the flow was on and decreased when the flow stopped. The first data point reflects the end of recovery from the previous flow-off period. pH was taken relative to that of fresh culture medium (7.3-7.4). (D) Acidification (Acid.) rates. Point-by-point time derivatives of the pH in the chamber during the measurement period, computed as described in the text. The line at 100%o represents the average acidification rate for the five flow-off periods prior to the introduction of carbachol; the stippled area is a 1-standard-deviation envelope of these control data. The carbachol-induced increase in metabolic rate was present at the first data point. Atropine abrogated the response to carbachol. Note that the carbachol-induced increase in metabolic rate was present at the first datum point after carbachol addition. See Fig. 3 for a more detailed analysis of the period around t = 0. Data are taken from a representative experiment. changes in cellular metabolism is markedly slower than that observed with the muscarinic receptor. The maximal response of the transfected cells to isoproterenol peaks at 12 min after the first exposure to agonist. The isoproterenol response is reversible, as removal of isoproterenol from the microphysiometer chamber or addition of propranolol results in an immediate attenuation of the metabolic rate (til2 = 6 min). This rapid reversal demonstrates that the cellular response requires the continual presence of isoproterenol.
To determine whether the increase in metabolic rate of the transfected CHO cells showed a graded response to agonist concentration, cumulative dose-response experiments were performed. Isoproterenol produced a dose-dependent change in acidification rate with an ECm of 4 nM (Fig. 5) . Increasing concentrations ofthe antagonist, propranolol caused a parallel shift to the right in the dose-response curve for isoproterenol, indicating that the isoproterenol-mediated changes in cellular metabolic rate are competitively antagonized by propranolol.
To study the extent to which muscarinic-and /8-adrenergic-mediated metabolic stimulation depends on cell type, similar experiments were performed with B-82 cells transfected with the same two receptors. The time course and amplitude of the metabolic response to 100 ttM carbachol of B-82 cells expressing the muscarinic receptor were similar to those of transfected CHO cells (Fig. 6A) . Likewise, addition of 5 ,uM isoproterenol to B-82 cells containing 8-adrenergic receptors produced an increase in metabolic rate with kinetics and amplitude comparable to those observed with the receptor expressed in CHO cells (Fig. 6B ). Simultaneous addition of propranolol completely abrogated the cellular response to the agonist (data not shown).
DISCUSSION
In the present study we show that an increase in cellular metabolic rate is a general response of a cell to hormonal stimulation. This response has been demonstrated in three different cell types with receptors that use at least three different second-messenger systems. The cell types used include normal human keratinocytes, CHO cells, and murine fibroblasts (B-82 cells). The EGF receptor is a tyrosine kinase capable ofautophosphorylation as well as phosphorylation of other cellular proteins (11) , and it has also been shown to activate phosphatidylinositol (PtdIns) hydrolysis (12) .; the ml muscarinic receptor stimulates PtdIns hydrolysis, arachidonic acid release, cAMP accumulation, and changes in K+ conductance (5, 6, 13, 14) ; the /32-adrenergic receptor activates adenylate cyclase (8) .
Increases in cellular glycolytic rates in response to insulin and EGF have been documented in several different cell types (2) . Although these hormones are mitogenic, the in- Time (min) crease in glycolysis proceeds in the presence of inhibitors of protein synthesis (15) . These glycolytic increases have been shown to correlate with increases in the intracellular concentration of the phosphofructokinase (PFK-1) stimulator, fructose 2,6-bisphosphate (16) . Extracellular calcium has been shown to be required for maximal stimulation of glycolysis in response to these hormones. All of these studies focused on the premise that the increase in glycolysis is associated with initiation of a transition of the cells from a dormant (nonproliferating) state to a proliferative state. In this report we demonstrate increases in cellular metabolic rates as a consequence of agonist binding to two receptors that are not normally associated with mitogenesis. Although a few reports have appeared suggesting that G protein-linked receptors may influence cell growth, the data propranolol. Beginning at 10 pM, isoproterenol was sequentially added to each chamber, with a 10-fold increase in concentration at each step. After each application of agonist, the metabolic rate was allowed to stabilize (-30 min) before the next higher concentration was added. The metabolic stimulation is normalized and scaled for each curve so that 0o represents the metabolic rate before the addition of isoproterenol and 100%o represents the highest observed rate (elicited by 10 or 100 mM isoproterenol). from these studies vary depending on cell and receptor types (13, 17, 18 The magnitudes of the observed receptor-mediated increases in metabolic rate range from 15% to 200o of the prestimulation value. This amplitude depends on the treatment of the cells prior to the experiment (e.g., serum starvation). It also depends on the concentration of ligand introduced into the microphysiometer, which makes possible the generation of dose-response curves for assessing the potency of agonists and antagonists. The isoproterenol concentration sufficient to produce half-maximal metabolic stimulation in transfected CHO cells is 4 nM, which is similar to the value previously reported for half-maximal increases in adenylate cyclase activity induced by isoproterenol in a similar transfected system (8) .
The large increases in metabolic rate that are observed presumably are due to increases in glycolysis and aerobic metabolism required to make up for an energy deficit created by receptor activation. A quantitative accounting of the cellular energy consumption due to receptor triggering is difficult to estimate from metabolic pathway data since fluxes through second-messenger pathways are not typically measured. The bulk of the energy consumed by resting cells apparently serves to maintain ion gradients across membranes (19, 20 Although EGF and muscarinic receptors both produce increases in PtdIns hydrolysis, the kinetics of the metabolic changes induced by these receptors are markedly different.
These data would suggest that breakdown of PtdIns may be unrelated to the increase in cellular metabolic rates. However, it is clear from recent studies that G protein-linked receptors are capable of stimulating multiple intracellular effector systems (13, 21, 22) , suggesting that the metabolic change observed with the microphysiometer may reflect the activation of several independent pathways.
The kinetics of the metabolic response for a given receptor appear to be related more to the identity of the receptor than to the cell type. It is not yet clear whether a correlation exists between the kinetics of the metabolic response and the second-messenger system activated. It is interesting that the kinetics of the response of B-82 cells to prostaglandin E1 (PGE1; ref. 23 ) is very similar to that for the B-adrenergic response in transfected B-82 cells. PGE1 and isoproterenol produce nearly identical increases in adenylate cyclase activity in transfected B-82 cells (8) . However, the different kinetics of metabolic stimulation by EGF and the muscarinic receptor noted above underline the complexity of cytoplasmic events following receptor stimulation.
Since metabolic responses have now been observed in three different cell types with receptors that use at least three different second-messenger systems, it is likely that measurable changes in metabolic rates occur upon receptor stimulation for a wide variety of receptors. The finding that the kinetics of the metabolic response may vary as a function of the receptor type may allow the use of a single cell expressing multiple receptors for the differential screening for several ligands simultaneously.
